The electronic structure, magnetism as well as the excited-state properties such as the optical and x-ray magnetic circular dichroism (XMCD) spectra of the Heusler alloys Co 2 TiSn and Co 2 ZrSn were investigated theoretically from first principles using the fully relativistic Dirac LMTO band structure method. The origin of the XMCD spectra at the Co L 2,3 edges in the compounds is examined. Densities of valence states, orbital and spin magnetic moments as well as optical spectra are analyzed and discussed. The calculated results are compared with the available experimental data.
Introduction
Heusler intermetallic alloys have attracted great interest during the last century due to the possibility to study, in the same family of alloys, a series of interesting diverse magnetic phenomena like itinerant and localized magnetism, antiferromagnetism, helimagnetism, Pauli paramagnetism, or heavy-fermionic behaviour [1] [2] [3] . Recently the rapid development of spintronics [4] [5] [6] [7] intensified the interest in the Heusler alloys [8] . Most magnetoelectronic devices rely on an imbalance in the number of majority and minority spin carriers, with the ideal material exhibiting a complete (100%) spin-polarization at the Fermi surface (i.e., a half-metallic ferromagnet) [9] , and some of the Heusler compounds have been predicted from first-principles calculations to be half-metallic [9] [10] [11] .
Theoretical and experimental investigations of the Co 2 TiSn and Co 2 ZrSn Heusler alloys have been performed for a few decades [12] [13] [14] [15] [16] [17] [18] [19] . Co 2 TiSn and Co 2 ZrSn have been found to be ferromagnets with Curie temperatures (T C ) around 371 and 448 K, respectively [12, 15] . The saturation magnetic moments estimated from magnetization measurements at 4.2 K in a field of 18 kOe for Co 2 TiSn and Co 2 ZrSn are reported to be 1.96 µ B and 1.46 µ B per formula unit (f.u.), respectively [15] . Very similar results were obtained by the authors of [18] , whose high-field magnetization measurements up to 150 kOe at 4.2 K gave 1.92 µ B /f.u. for Co 2 TiSn and 1.64 µ B /f.u. for Co 2 ZrSn. The ferromagnetic behaviour of the considered alloys results from the presence of a large amount of the magnetic Co atoms. It is interesting to note that the corresponding Ni compounds are Pauli paramagnets, and by varying the Ni/Co ratio, it is possible to change their paramagnetic behaviour to ferromagnetic one; for Ni 2−x Co x TiSn such a change occurs at x = 1.2 [16] .
The electronic structure calculations of the Co 2 TiSn alloy using the symmetrized augmented plane-wave (SAPW) method were carried out in [14] . It was found that the Co d bands are characterized by the hump near the Fermi level of the DOS curves and are mainly occupied for both spin states, while the major peaks of the Ti d states lie in the high energy region and are mainly unoccupied in both spin states. The reported evaluated total magnetic moment values strongly depend on the exchange parameters which were used to form the crystal potential from a superposition of the atomic potentials. The authors of [17] presented the outcome of high-resolution x-ray photoemission spectroscopy measurements of the Co 2 ZrSn valence bands in comparison with the total density of states distribution curves obtained from their band structure calculations of Co 2 ZrSn, which were fulfilled by means of the spinpolarized tight-binding linear muffin-tin orbital (TBLMTO) method, and found a very good agreement between the experimental and theoretical results. The total magnetic moment was obtained to be 1.74 µ B /f.u.. The x-ray magnetic circular dichroism technique developed in recent years has evolved into a powerful magnetometry tool to separate orbital and spin contributions to element specific magnetic moments. X-ray magnetic circular dichroism experiments measure the absorption of x-rays with opposite (left and right) states of circular polarization. Recently x-ray magnetic circular dichroism in Co 2 TiSn and Co 2 ZrSn has been measured at the Co L 2,3 edges [18] . Using the magneto-optic sum rules the spin moment and the orbital moment of Co for Co 2 TiSn have been deduced to be 0.87 and 0.09 µ B , respectively, and for Co 2 ZrSn 0.7 and 0.12 µ B . The authors also calculated the Co 3d partial density of states using the LMTO-ASA band structure method to interpret the XMCD spectra. However, they did not include the spin-orbit (SO) interaction in their calculations and, hence, were not able to obtain the orbital moment.
Optical properties investigations of Co 2 TiSn and Co 2 ZrSn exhibit abnormal behaviour of the real part of the dielectric function 1 (ω), which becomes negative only at the wave lengths greater than 4 µm for Co 2 TiSn and 13 µm for Co 2 ZrSn and which module values | 1 | are comparatively low, and the real part of the optical conductivity σ 1 (ω), which does not show the Drude-like behaviour at low energies [19] .
The aim of this work is the theoretical investigation of the electronic structure of Co 2 TiSn and Co 2 ZrSn Heusler alloys using the fully relativistic Dirac LMTO band structure method. We calculated the x-ray absorption as well as the x-ray magnetic circular dichroism spectra in these compounds and the energy dependences of some of the optical characteristics. This paper is organized as follows. Section 2 presents a description of the Co 2 TiSn and Co 2 ZrSn Heusler alloys crystal structure and the computational details. Section 3 is devoted to the electronic structure, XMCD spectra, magnetic and optical properties of the alloys calculated in the fully relativistic Dirac LMTO band structure method. Finally, the results are summarized in section 4.
Crystal structure and computational details
The Heusler-type Co 2 TiSn and Co 2 ZrSn have a cubic L2 1 structure (space group F m3m), which can be thought of as a simple cubic lattice for Co atoms, with the Sn and Ti or Zr atoms arranged at alternate body centered positions. The Co, Ti and Zr atoms have eight nearest neighbors at the same distance. Ti and Zr has eight Co atoms as nearest neighbors, while for Co there are four Ti or Zr and four Sn atoms.
The electronic structures of the alloys were calculated for the experimentally observed lattice constants [13] , which are a = 11.4517 a.u. for Co 2 TiSn and a = 11.8051 a.u. for Co 2 ZrSn, using the spin-polarized fully relativistic linear-muffin-tin-orbital (SPR LMTO) method [20, 21] in the atomic sphere approximation (ASA) with the combined correction term taken into account. The LSDA part of the calculations was based on the spin-density functional with the von Barth-Hedin parametrization [22] of the exchange-correlation potential. Brillouin zone (BZ) integrations were performed using the improved tetrahedron method [23] and charge self-consistency was obtained on a grid of 641 k points in the irreducible wedge of the BZ. The basis consisted of s, p and d LMTO's.
Once energies kn and functions |kn for the n bands are obtained self-consistently, the interband contribution to the imaginary part of the dielectric tensor 2 (ω) can be calculated by summing transitions from occupied to unoccupied states (with fixed k vector) over the BZ, weighted with the appropriate matrix element for the probability of the transition. To be specific, the components of 2 (ω) are given by
Here (p x , p y , p z ) = p is the momentum operator and f kn is the Fermi distribution. Further details about the evaluation of matrix elements are given elsewhere [24, 25] . The real part of the components of the dielectric tensor 1 (ω) is then calculated using the Kramer-Kroning transformation. Knowledge of both the real and imaginary parts of the dielectric tensor permits the calculation of important optical constants. The calculations yield unbroadened functions. To reproduce the experimental conditions more correctly, it is necessary to broaden the calculated spectra, although the exact form of the broadening function is unknown. Also the instrumental resolution smears out many fine features. To simulate these effects the lifetime broadening was simulated by convoluting the calculated optical constants with a Lorentzian, and the experimental resolution was simulated by broadening the final spectra with a Gaussian.
In order to calculate the XMCD properties one has to take into account both magnetism and SO coupling when dealing with the electronic structure of the material considered, since the symmetry reduction in comparison with the paramagnetic state, which causes XMCD effect and is due to magnetic ordering, has consequences only when SO coupling is considered in addition [26] .
Within the one-particle approximation, the absorption coefficient µ for incident x-rays of polarization λ and photon energyhω can be determined as the probability of electron transitions from an initial core state (with wave function ψ j and energy E j ) to the final unoccupied states (with wave functions ψ nk and energies E nk )
with J λ = −eαa λ being the dipole electron-photon interaction operator, where α are Dirac matrices, a λ is the λ polarization unit vector of the photon vector potential
(Here +/− denotes, respectively, left and right circular photon polarizations with respect to the magnetization direction in the solid).
In order to simplify the comparison of the theoretical x-ray isotropic absorption L 2,3 spectra of Co 2 TiSn and Co 2 ZrSn with the experimental ones we take into account the background intensity which affects the high energy part of the spectra. The shape of x-ray absorption caused by the transitions from inner levels to the continuum of unoccupied levels was first discussed by Richtmyer et al. in the early thirties [27] . The absorption coefficient with the assumption of equally distributed empty continuum levels is
where E cf = E c − E f , E c and Γ c are the energy and the lifetimes broadening of the core hole, E f is the energy of empty continuum level, E f 0 is the energy of the lowest unoccupied continuum level, and C is a normalization constant which in this paper has been used as an adjustable parameter. Finally, the intrinsic broadening mechanisms have been considered by folding XMCD spectra with a Lorentzian. For the finite lifetime of the core hole a constant width Γ c , in general from [28] , has been used. The finite apparative resolution of the spectrometer has been considered by means of a Gaussian.
Concurrent with the x-ray magnetic circular dichroism experimental developments, some important magneto-optical sum rules have been derived in recent years [29] .
For the L 2,3 edges the l z sum rule can be written as
where n h is the number of holes in the d band n h = 10 − n d , l z is the average of the magnetic quantum number of the orbital angular momentum. The integration is taken over the whole 2p absorption region. The s z sum rule is written as
where t z is the z component of the magnetic dipole operator t = s − 3r(r · s)/|r| 2 which takes into account the asphericity of the spin moment. The integration L 3 ( L 2 ) is taken only over the 2p 3/2 (2p 1/2 ) absorption region.
Results and discussion

Electronic structure
The fully relativistic spin-projected energy band structures and total DOS of Co 2 TiSn and Co 2 ZrSn obtained from our LSDA calculations are presented in figure 1. As one can see, the band structures of both alloys are quite similar, though it is evident that there are some differences in the DOS of these Heusler compounds due to both the presence of different atoms and different volumes. The occupied part of spin-down the valence bands can be subdivided into several regions. The lowest valence band appeared in both the majority and minority spin states between −11.7 and −9 eV for Co 2 TiSn and between −11.4 and −9 eV for Co 2 ZrSn is entirely due to the tin 5s electrons and is separated with respect to the other hybridized bands, being basically unaffected by the Co and Ti or Zr exchange interaction. The next three energy bands in the energy region between approximately −7 and −3 eV are the tin 5p bands. The upper dispersed bands, which are located above and below E F from about −3 to 5 eV, are due to the strong hybridization of Co and Ti or Zr d energy bands. The corresponding spin-projected partial densities of states are shown in figure 2 .
Due to the strong Sn p-p hybridization, Sn p states are split into bonding and antibonding states. The former are located between approximately −7 and −1 eV, while the latter are spread over a broad energy range above −1 eV. The centers of Ti and Zr d states, defined as the energy at which the corresponding logarithmic derivative is equal to −l − 1, lie at ε ν = 0.76 eV and ε ν = 1.76 eV, respectively. The crystal field at the Ti and Zr 4a site (O h point symmetry) splits their d states into e g and t 2g ones. The e g states, which form σ bonds with Sn p states, are strongly hybridized with the latter and give a significant contribution to the bonding states below −3 eV. The t 2g states form weaker Ti d -Sn p and Zr d -Sn p π bonds but they strongly hybridize with d states of eight Co nearest neighbors. 2 ZrSn causes the splitting of the Ti and Zr t 2g states into two peaks, the bonding ones located at ∼2 eV below the Fermi level and the unoccupied antibonding peaks centered at ∼1.5 eV for Co 2 TiSn and at ∼2.5 eV for Co 2 ZrSn. The Co e orbitals are split into well separated bonding and antibonding peaks. The bonding states are rather strongly hybridized with Zr, Ti and Sn states, while the antibonding states provide a peak in the minority spin band which is located very close to the Fermi level and is quite similar between Co 2 TiSn and Co 2 ZrSn.
In addition to the crystal field splitting, the d levels of the Co, Ti and Zr atoms are split due to the exchange interaction. The exchange splitting between the spin-up and -down d electrons on the Co atom is about 0.5 eV. The corresponding splitting on the Ti and Zr atom is much smaller. Spin-orbit splitting of the d energy bands for the Co, Ti and Zr atoms is much smaller than their spin and crystal-field splittings. In the vicinity of the Fermi energy the minority spin bands of both alloys show a gap (at E = −0.18 eV for Co 2 TiSn and at E = −0.14 eV for Co 2 ZrSn). However, the Fermi level crosses both the majority and minority spin energy bands, so neither Co 2 TiSn nor Co 2 ZrSn are half-metallic ferromagnets.
XMCD spectra
At the core level edge XMCD is not only element-specific but also orbital specific. For 3d transition metals, the electronic states can be probed by the K, L 2,3 and M 2,3 x-ray absorption and emission spectra whereas in 4d transition metals one can use the K, L 2,3 , M 2,3 and M 4,5 spectra.
The experimentally measured dichroic lines have different signs at the L 3 and L 2 edges [18] . In order to compare relative amplitudes of the L 3 and L 2 XMCD spectra we first normalize the corresponding isotropic x-ray absorption spectra (XAS) to the experimental ones taking into account the background scattering intensity as described in section 2. Figure 3 shows the calculated isotropic x-ray absorption and XMCD spectra of Co at the L 2,3 edges for both alloys in the LSDA approach together with the experimental data [18] . The contribution from the background scattering is shown by dotted line in the XAS panels of figure 3 .
Because of the dipole selection rules, apart from the 4s 1/2 states (which have a small contribution to the XAS due to relatively small 2p → 4s matrix elements) only 3d 3/2 states occur as final states for L 2 XAS for unpolarized radiation, whereas for the L 3 XAS 3d 5/2 states also contribute [29] . Although the 2p 3/2 → 3d 3/2 radial matrix elements are only slightly smaller than for the 2p 3/2 → 3d 5/2 transitions the angular matrix elements strongly suppress the 2p 3/2 → 3d 3/2 contribution [29] . Therefore in neglecting the energy dependence of the radial matrix elements, the L 2 and the L 3 spectra can be viewed as a direct mapping of the DOS curve for 3d 3/2 and 3d 5/2 character, respectively. The XMCD spectra at the L 2,3 edges are mostly determined Experimental spectra [18] were measured at 50 K. The XAS panel also shows the background spectra (dotted line) due to the transitions from inner 2p 1/2,3/2 levels to the continuum of unoccupied levels [27] .
by the strength of the SO coupling of the initial 2p core states and spin-polarization of the final empty 3d 3/2,5/2 states while the exchange splitting of the 2p core states as well as the SO coupling of the 3d valence states are of minor importance for the XMCD at the L 2,3 edge of 3d transition metals [29] . The theoretically calculated Co L 2,3 XMCD spectra are in good agreement with the experiment, although the calculated magnetic circular dichroism is somewhat too high at the L 2 edge. The main reason for this discrepancy is the core-hole effect. When the 2p core electron is photo-excited to the unoccupied d states, the distribution of the charge changes to account for the hole created. This effect is not taken into account by the electronic structure calculations and leads to the observed discrepancy [30] .
Magnetic properties
In magnets, the atomic spin M s and orbital M l magnetic moments are basic quantities and their separate determination is therefore important. Methods of their experimental determination include traditional gyromagnetic ratio measurements [31] , magnetic form factor measurements using neutron scattering [32] , and magnetic x-ray scattering [33] . In addition to these, the recently developed x-ray magnetic circular dichroism combined with several sum rules [34, 35] has attracted much attention as a method of site-and symmetry-selective determination of M s and M l . Table 1 presents the comparison between calculated and experimental magnetic mo- a sum rules applied for the XMCD spectra calculated with ignoring the energy dependence of the radial matrix elements.
b sum rules applied for the XMCD spectra calculated with ignoring the energy dependence of the radial matrix elements and ignoring p → s transitions.
c Reference [18] .
ments in Co 2 TiSn and Co 2 ZrSn. The spin magnetic moment at the tin site is very small. The spin moment at the Ti and Zr sites is also small and has an opposite direction to the spin moment at the Co sites. In Co 2 ZrSn the spin moment on the Co atom is larger than in Co 2 TiSn; this can be ascribed to the larger lattice constant of the Co sublattice in Co 2 ZrSn, which results in a smaller Co 3d's direct hybridization and a consequently larger exchange interaction. It is generally believed in transition-metal compounds that the orbital contribution becomes larger when the 3d states are more localized [36] . Therefore, our results for the orbital moment also suggest that the Co 3d states are more localized in Co 2 ZrSn than in Co 2 TiSn. The calculated total magnetic moment for Co 2 TiSn is 1.402 µ B /f.u. and for Co 2 ZrSn it is 1.650 µ B /f.u. while the experimental values [18] for these alloys are 1.92 µ B /f.u. and 1.64 µ B /f.u., respectively.
It is interesting to compare the spin and orbital moments obtained from the theoretically calculated XAS and XMCD spectra through sum rules [Equations (4), (5)] with directly calculated LSDA values. In this case we at least avoid all the experimental problems. The number of the Co 3d electrons is calculated by integrating the occupied d partial density of states inside the corresponding atomic sphere which gives the values n Co =7.871 for Co 2 TiSn and n Co =7.892 for Co 2 ZrSn. Sum rules reproduce the spin magnetic moments within 30% and the orbital moments within 35% for both Co 2 TiSn and Co 2 ZrSn (table 1) . XMCD sum rules for L 2,3 are derived within an ionic model using a series of approximations, particularly disregarding the energy dependence of the radial matrix elements and p → s transitions [37] . To investigate the effect of these two factors we applied the sum rules to the XMCD spectra calculated neglecting the energy dependence of the radial matrix elements and the p → s transitions. As can be seen from table 1 using the energy independent radial matrix elements reduces the disagreement in spin magnetic moments to 7% and 8% and in the orbital moment to 3% and 4% for Co 2 TiSn and Co 2 ZrSn, re-spectively. An additional omission of the p → s transitions reduces the discrepancy between LSDA and the sum rule results up to 5% and 6% for the spin moments and ∼%0 and 3% for the orbital moments for Co 2 TiSn and Co 2 ZrSn, respectively. These results show that the energy dependence of the matrix elements and the presence of s → p transitions strongly affect the values of both the spin and the orbital magnetic moments derived using the sum rules.
The values of the orbital magnetic moment derived from the experimental XMCD spectra (M exp l =0.09 µ B for Co 2 TiSn and M exp l =0.12 µ B for Co 2 ZrSn [18] ) are considerably higher in comparison with our band structure calculations. It is a well-known fact, however, that LSDA calculations be inaccurate in describing orbital magnetism [29, 37] . In the LSDA, the Kohn-Sham equation is described by a local potential which depends on the electron spin density. The orbital current, which is responsible for M l , is, however, not included in the equations. This means, that although M s is selfconsistently determined in the LSDA, there is no framework to determine simultaneously M l self-consistently. To calculate M l beyond the LSDA scheme we used the rotationally invariant LSDA+U method [38] . We used U eff = 0 (U = J = 1.0 eV). In this case the effect of the LSDA+U comes from non-spherical terms and the approach is similar to the orbital polarization corrections [29] . The LSDA+U calculations produced the orbital magnetic moments for Co 2 TiSn and Co 2 ZrSn equal to 0.057 µ B and 0.074 µ B per Co atom, respectively. These values are in better agreement with the experimental data but still smaller than the experimental estimations. [19] (triangles) reflectivity R(ω) and diagonal σ 1 xx absorptive part of optical conductivity tensor for Co 2 TiSn and Co 2 ZrSn.
Optical properties
The optical properties of materials originate from interband transitions from occupied to unoccupied bands, involving not only the occupied and unoccupied parts of the electronic structure but also the character of the bands. Figure 4 shows the results of our calculations of the reflectivity R(ω) and the diagonal σ 1 xx (ω) absorptive part of optical conductivity tensor in comparison with the experimental energy dependences of these constants [19] . The theoretical reflectivity spectra are in good agreement with the experimental data. Both theory and experiment give a rather sharp slope of reflectivity at low energies and then a slow decreasing behaviour. Theory overestimates the slope region within about 0.5 eV for both alloys and the reflectivity values in that region.
The positions of the σ 1 xx maxima for both alloys are about 1 eV overestimated by theory, and their theoretical values are larger than the experimental ones. The theoretical spectra of σ 1 xx at low energies have a pronounced Drude-like behaviour, while the experimental ones exhibit a decrease of the Drude contribution to σ 1 xx . The main reason of this discrepancy is an arrangement disorder of the Sn, Ti and Zr atoms in the experimentally investigated alloys [19] , which results in a sharp increase of the conduction electron scattering. The authors of [19] also believe that the decrease of the Drude contribution to σ 1 xx observed in the experimentally considered alloys is partly caused by their half-metallic nature. However, as we have pointed out, our fully relativistic calculations predict that Co 2 TiSn and Co 2 ZrSn are not half-metallic ferromagnets.
Summary
We have studied by means of a fully relativistic spin-polarized Dirac linear muffintin orbital method the electronic and magnetic structures as well as optical properties and x-ray magnetic circular dichroism spectra of Co 2 TiSn and Co 2 ZrSn. The most characteristic features of the Co d states are an antibonding peak in the minority spin band which is located very close to the Fermi level and is quite similar between Co 2 TiSn and Co 2 ZrSn, and an energy gap at E = −0.18 eV for Co 2 TiSn and at E = −0.14 eV for Co 2 ZrSn in the minority spin band. The spin moment in both alloys has a significant value only for the Co atoms, and for Co 2 ZrSn it is greater than for Co 2 TiSn; its values for the other atoms are close to zero. The total magnetic moment of Co 2 ZrSn is very close to its experimental value and in contrast to the experiment is larger than that of Co 2 TiSn, while for the latter it is 27% smaller than the experimental result. The calculated reflectivity spectra are in good agreement with the experimental data. The theoretical spectra of σ 1 xx at low energies in contrast to the experiment have a pronounced Drude-like behaviour. The x-ray absorption and XMCD spectra at the Co L 2,3 edges are reproduced quite well by our LSDA band structure calculations, although the calculated magnetic circular dichroism is somewhat too high at the L 2 edge due to the core-hole effect.
